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Recent studies have identified Rhesus proteins as important
molecules for ammonia transport in acid-secreting
intercalated cells in the distal nephron. Here, we provide
evidence for an additional molecule that can mediate
NH3/NH4 excretion, the subtype 2 of the hyperpolarization-
activated cyclic nucleotide-gated channel family (HCN2),
in collecting ducts in rat renal cortex and medulla. Chronic
metabolic acidosis in rats did not alter HCN2 protein
expression but downregulated the relative abundance of
HCN2 mRNA. Its cDNA was identical to the homolog from
the brain and the protein was post-translationally modified
by N-type glycosylation. Electrophysiological recordings in
Xenopus oocytes injected with HCN2 cRNA found that
potassium was transported better than ammonium, each
of which was transported significantly better than sodium,
criteria that are compatible with a role for HCN2 in
ammonium transport. In microperfused rat outer medullary
collecting duct segments, the initial rate of acidification,
upon exposure to a basolateral ammonium chloride pulse,
was higher in intercalated than in principal cells. A specific
inhibitor of HCN2 (ZD7288) decreased acidification only in
intercalated cells from control rats. In rats with chronic
metabolic acidosis, the rate of acidification doubled in both
intercalated and principal cells; however, ZD7288 had no
significant inhibitory effect. Thus, HCN2 is a basolateral
ammonium transport pathway of intercalated cells and may
contribute to the renal regulation of body pH under basal
conditions.
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The family of hyperpolarization-activated cyclic nucleotide-
gated cationic non-selective (HCN) channels has been widely
characterized in excitable tissues, where it regulates pace-
maker activity.1–4 Transcripts of HCN isoforms have been
found in non-excitable tissues including the liver3,4 and
kidney,5,6 whereas protein expression of the four HCN
isoforms (HCN1–HCN4) has been detected in ovary7 and
pancreatic cells,8,9 and only HCN2 has been detected in the
renal inner medulla.5 Although it has been accepted that
the HCN3 channel has a fundamental role in coordinating
peristalsis of the upper urinary tract,10 the physiological role
of HCN channels in non-excitable cells is still uncertain.
Maintenance of salt, water, and acid–base homeostasis is
accomplished in the kidney. The proximal tubule reabsorbs
80% of the bicarbonate (HCO3
) and 60% of the Naþ filtered
at the glomerulus. Most of the transcellular NaHCO3
reabsorption in the proximal tubule is mediated by the
apical Naþ /Hþ exchanger NHE3, which at the same time
contributes to most of the NaCl reabsorption.11 The regu-
lation of plasma HCO3
 concentration and systemic arterial
pH depends critically on the ability of the kidney to produce
and secrete ammonium (NH4
þ ).12 The proximal tubule is
the principal site of renal NH4
þ production,13 as well as
an important site of NH4
þ secretion.14 Approximately 25%
of the filtered Naþ , Kþ , Cl, and HCO3
 (ref. 15) and
40–80% of NH4
þ (ref. 16) delivered out of the proximal
tubule are reabsorbed in the thick ascending limb of the loop
of Henle and concentrated in the interstitium. Finally, the
distal nephron reabsorbs about 5% of the filtered NaHCO3

and also excretes NH4
þ into the urine to maintain the total
body acid–base homeostasis. Within the distal nephron, Naþ
absorption is mediated by principal cells, whereas the acid-
secreting intercalated cells regulate acid–base homeostasis
by contributing to NH4
þ excretion.17,18 The acid-secreting
intercalated cells secrete Hþ via the luminal vacuolar-type
H–ATPase19 and the H–K–ATPase.20
The Rhesus glycoproteins Rhbg and Rhcg were the first
ammonia (NH3) transporters reported in mammals.
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However, Rh glycoproteins operate as gas channels and thus
transport NH3 but not NH4
þ .22,23 Rhbg and Rhcg are found
in principal cells and in acid-secreting intercalated cells in
distal segments of the nephron.24 Mice with Rhbg dele-
tion display normal acid–base parameters and basal NH3
excretion.25 In contrast, in mice with genetic ablation
of Rhcg, urinary NH4
þ excretion is reduced by 40%.26
Furthermore, chronic metabolic acidosis (CMA) upregulates
Rhcg expression in intercalated cells in the medulla but not in
the cortex.27
In this work, we identified an immunodetectable HCN2
channel in the rat renal cortex and medulla. To unravel the
physiological role of HCN2, we applied different experimental
strategies. We examined the effect of CMA on channel
expression, isolated complementary DNA and conducted
functional studies of HCN2 heterologously expressed in
Xenopus oocytes, and examined basolateral NH4
þ uptake
(using a fluorescent pH indicator dye) in individually identified
cells, in microperfused outer medullary collecting ducts
(OMCDs) isolated from control and acidotic animals, in the
absence and presence of a specific HCN channel blocker.
RESULTS
HCN2 in the rat kidney
HCN2 was detected by immunoblotting in the rat renal
cortex and medulla. Antibodies against HCN2 produced
immunoreactive bands corresponding to immature (90 kDa)
and N-glycosylated (120 kDa) proteins (Figure 1a) as expected,
based on previous studies conducted on the brain.6,28–30 We
performed a glycosidase assay to confirm that HCN2 is also
glycosylated in the kidney (Figure 1b). HCN2 expression
was higher in plasma compared with microsomal membranes
isolated from both the cortex and medulla (Figure 1c).
Immunofluorescence analysis also confirmed the presence
of HCN2 in the cortex and medulla of rat kidney (Figure 2).
To determine the segment and cell type to which the anti-
HCN2 antibody bound, double-immunofluorescence assays
were performed. Aquaporin 1 antibody was used as a specific
marker for proximal tubules. Expression of aquaporin 2
was observed in connecting tubule, cortical collecting duct,
OMCD, and inner medullary collecting duct cells (Figure 3,
red).31 HCN2-positive immunoreactivity was detected in
connecting tubule and along the collecting ducts. Therefore,
we proceeded to stain with antibodies against the H–ATPase
B1-subunit, a specific marker of acid-secreting intercalated
cells.17 We found that HCN2 localized to the basolateral
membranes of both acid-secreting intercalated and principal
cells in the cortex and medulla (Figure 4).
Renal HCN2 complementary DNA
Kidney HCN2 was compared with its homolog the HCN2
gene in the brain. A conventional PCR strategy was followed
to obtain and amplify kidney HCN2. We partially sequenced
the NH2 terminus from glutamate E165 to the proximal S6
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Figure 1 | Subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective (HCN2) protein expression.
(a) Immunoblotting detection of HCN2 protein in plasma membrane fractions from whole-rat brain, renal cortex, and medulla from control
rats (left) and from rats subjected to 5 days of dietary acid loading (right). No immunoreactivity was detected after adsorption of HCN2
antibodies with their corresponding antigens (P-ads). (b) HCN2 antibody identifiedB120 kDa (glycosylated) andB90 kDa (unglycosylated)
bands (arrowhead and arrow, respectively) in control samples. Only the 90 kDa band was detected when samples (100 mg) were incubated
with glycosidase (5 U). (c) HCN2 immunoblotting was performed with 100 mg of plasma membranes (PMs) and microsomes (MMs).
P-ads, peptide adsorption.
Kidney International (2011) 80, 832–840 833
R Carrisoza-Gayta´n et al.: HCN2 channel is an ammonium pathway in the distal nephron o r ig ina l a r t i c l e
segment, corresponding to 50% of the CNBD-binding
domain, up to phenylalanine F580. This amplified kidney
HCN2 ccomplementary DNA encodes a protein of 415 amino
acids with a 100% identity to brain HCN2 (not shown).
Effect of metabolic acidosis on HCN2 expression
Consumption of an acid load leads to an adaptive increase in
renal acid excretion that demands activation and/or regu-
lation of various acid–base transport pathways. These include
increased ammoniagenesis, excretion of titratable acids,
generation of HCO3
, and Hþ secretion. Adaptation is also
associated with changes in electrolyte and water handling
and with extensive remodeling of the nephron.14–17 In this
context, we examined the effect of chronic NH4Cl intake
(that is, acid loading) on the expression of HCN2. As shown
in Table 1, CMA led to an increase in blood urea nitrogen
and serum chloride concentration and in a significant fall in
serum HCO3
 concentration as expected.32 CMA was also
associated with a significant reduction (B60%, Po0.0006)
in the relative mRNA abundance of HCN2 in the cortex;
in contrast, no changes were detected in the medulla
(Figure 5b). However, CMA did not elicit changes in HCN2
protein expression in total membranes from the cortex
(Supplementary Figure S1 online), neither in microsomes
nor in plasma membranes from the cortex and medulla
(Figure 5c). Immunolabeling studies of kidneys harvested
from animals subjected to CMA did not show changes in the
cellular distribution of HCN2 in collecting ducts but revealed
diffuse labeling along the thin descending limbs in the medulla
(Supplementary Figure S2 online).
HCN2 channels transport NH4
þ ions
Acid-secreting intercalated cells participate in the renal regu-
lation of acid–base homeostasis and constitute the exclusive
site where transepithelial transport allows for NH4
þ excretion
into the urine.17 As HCN2 was localized to the basolateral
membrane (Figure 4), suggesting a role in transepithelial
transport, we sought to conduct functional studies of HCN2
expressed in Xenopus laevis oocytes. We measured the ionic
currents of the heterologously expressed channel and found
that HCN2 transported Kþ4NH4
þ44Naþ (Figure 6a).
The following relative current ionic ratios were estimated:
K/NH4¼ 1.95±0.096, K/Na¼ 7.28±0.54, and NH4/Na¼
3.75±0.37 (Figure 6b). The amplitude of NH4
þ currents
increased with NH4Cl concentration, and their inhibition by
ZD7298, a specific HCN channel blocker,33 depended on
the external [NH4
þ ] (Supplementary Figure S3 online). Also,
Ba2þ inhibited NH4
þ currents (Supplementary Figure S4
online), a result similar to that reported previously for native
and cloned hyperpolarization-activated HCN channels.34
NH4
þ uptake by HCN2 in isolated tubules from OMCD
To test whether HCN2 also conducts NH4
þ in the native
OMCD, we applied the NH4Cl pulse technique to micro-
perfused control rat OMCDs loaded with 15 mM of the
acetoxymethyl ester of 2070-bis(-2-carboxyethyl)-5(and 6)-
carboxyfluorescein (BCECF) (Invitrogen, Carlsbad, CA) to
examine the sensitivity of basolateral NH4
þ uptake to
ZD7298. The initial slope of acidification (the 490/440 nm
fluorescence intensity ratio/1000 s) in acid-secreting inter-
calated cells in ZD7288-treated OMCDs exposed to bath
NH4Cl (1.47±0.49; n¼ 6) was significantly less than that
observed in untreated cells (2.89±0.47; n¼ 6; Po0.05;
Figure 7). The inhibitor was without effect on the slope of
acidification measured in principal cells in the same tubules
(Figure 7). OMCDs isolated from acid-loaded rats showed a
twofold higher rate of acidification in acid-secreting inter-
calated cells and in principal cells. However, the rate of
acidification was not affected by 10 mM ZD7298 in either cell
type in tubules isolated from CMA rats.
DISCUSSION
Our data show that HCN2 is localized to cells in the distal
nephron of the cortex and medulla. HCN channels are cation
selective but only weakly selective for Kþ over Naþ , with
variable permeability ratios of about 5:1 (refs 4,35,36).
Because NH4
þ and Kþ have an identical hydrodynamic
radius,37 it is not surprising that NH4
þ permeates HCN
channels. In fact, NH4
þ can produce HCN pacemaker
currents in photoreceptors.38 Despite the HCN channel
preference for conducting Kþ , under physiological condi-
tions, native inward currents will be carried predominantly
by Naþ because of its greater electrochemical gradient. How-
ever, metabolic conditions are expected to influence the
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Figure 2 | Immunofluorescence detection of subtype 2 of
hyperpolarization-activated cyclic nucleotide-gated cationic
non-selective (HCN2) channels. Sagittal sections display positive
immunoreactivity for HCN2 in the cortex and in the outer (OM)
and inner medulla (IM). Suppression of immunoreactivity is shown
when antibodies are preincubated with an excess of control
peptide (P-ads) 1 h before the overnight incubation. Bar¼ 50mM.
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cation selectivity of HCN2 channels in the distal nephron in
order to maintain electrolyte and acid–base homeostasis.
The renal response to metabolic acidosis includes increased
expression of various ion transport proteins that contribute to
increased synthesis and excretion of NH4
þ and the net
production and absorption of HCO3
. This adaptation allows
the kidney to enhance ammoniagenesis and gluconeogenesis
from plasma glutamine to recover acid–base balance. NH4
þ accu-
mulates in the renal medulla during acidosis, provoking counter-
current multiplication and energy-dependent recycling between
the ascending (tALH) and descending thin limbs (tDLH)39 and
the thick ascending limb of Henle’s loop.17 Approximately 80%
of NH4
þ excreted in the urine is translocated across the acid-
secreting intercalated cells of the collecting duct.40
HCN2 protein expression was not regulated by CMA in
plasma membranes from the cortex and medulla, and there-
fore HCN2 appears to be a constitutive membrane protein in
the distal nephron. In contrast, in CMA, protein upregulation
of HCN2 in tDLH (Supplementary Figure S2 online)
suggests that HCN2 serves as an NH4
þ entry pathway that
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Figure 3 | Subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective (HCN2) channels is localized to
distal nephron segments in the rat cortex and in the outer and inner medulla. Sections were colabeled with antibodies directed
against HCN2 and aquaporin 2 (AQP2) or aquaporin 1 (AQP1), visualized with secondary antibodies conjugated to Alexa 488 (green) and
Alexa 594 (red (Invitrogen, Carlsbad, CA)). HCN2 is expressed exclusively in the connecting and collecting ducts (merged). Bar¼ 50 mm.
CCD, cortical collecting duct; CNT, connecting tubule.
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facilitates the passive secretion of NH4
þ and then the counter-
current multiplication of NH4
þ in the rat renal medulla.
Control experiments in oocytes show that block by
ZD7288 decreases when [NH4
þ ]o is elevated (Supplementary
Figure S3 online), as suggested by Cheng et al.41 ZD7288-
induced block of HCN2 is voltage dependent and modulated
by [Kþ ]o. This voltage-dependent block seems to be caused
by an increased influx of permeant ions (Kþ , NH4
þ , and
Naþ ) that relieves channel block, similar to the [Kþ ]o-
dependent clearing of tetraethylammonium from the inner
pore of delayed rectifier Kþ channels in squid axon.42
We detected a strong expression of immunodetectable
HCN2 channel in both acid-secreting intercalated cells
and principal cells. However, the activity of the channel, mea-
sured as inhibitor-specific intracellular acidification follow-
ing exposure to basolateral NH4Cl, was detected only in acid-
secreting intercalated cells under basal conditions (control,
Figure 7b). Our inability to detect robust HCN2 activity in
principal cells does not support the hypothesis that HCN2
participates in pH homeostasis. What can be the function of
HCN2 channels in principal cells then? Our findings predict
that Naþ can enter principal cells by HCN2 and favor Kþ
secretion by potassium channels. In fact, urinary Kþ secre-
tion in the cortical collecting duct depends on both apical
and basolateral Naþ entry.43 Naþ entry via HCN2 channels
in principal cells might be an alternative pathway for
providing substrate for and stimulating Naþ–Kþ–ATPase
activity in the absence of luminal Naþ entry, as has also been
proposed for the basolateral Naþ /Hþ exchanger.43 Further-
more, Naþ might also enter acid-secreting intercalated cells
by HCN2 channels and favor Kþ secretion by Kv1.3 channels
in animals fed a high Kþ diet, as we described recently.44
In conclusion, the function of cation-non-selective HCN2
channels in responding to variations in renal metabolism
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Figure 4 | Immunolocalization of subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective (HCN2)
channels in principal and acid-secreting cells in the outer medullary collecting duct. Double-immunofluorescence labeling with
antibodies directed against HCN2 (secondary: Alexa 488; green) and aquaporin 2 (AQP2; secondary: Alexa 594; red) or the H–ATPase
B1-subunit (secondary: Alexa 594; red). Cells that express both HCN2 and AQP2 or H–ATPase are shown in the bottom panels (merged).
AQP2 and H–ATPase are observed in apical membranes (*), whereas HCN2 is in the basolateral membranes (arrows). Bar¼ 25mm.
Table 1 | Blood composition and urine pH from control and acidotic rats
Group BW (g) pH urine Cl (meq/l) Na+ (meq/l) K+ (meq/l) CO2 (meq/l) BUN (meq/dl) SCr (mg/dl)
Control, n=7 215±0.8 6.7±0.07 122±4.7 149±1.3 3.8±0.3 19.2±1.6 22.9±1.5 0.48±0.1
Acidosis (5 days), n=5 209±6 5.9±0.01 136±2 149±1.1 2.8±0.3 11.2±0.8 31.8±3.4 0.36±0.04
P-value NS 0.000003 0.03 NS NS 0.002 0.02 0.02
Abbreviations: BUN, blood urea nitrogen; BW, body weight; Cr, creatinine; NS, not significant; SCr, serum Cr.
Serum electrolytes, total CO2, Cr, and BUN levels were measured in control rats (water; n=7) or in those subjected to metabolic acidosis (280 mM NH4Cl intake for 5 days; n=5).
Values are means±s.e.
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is likely determined by the repertoire of ion transporters
expressed in principal cells and in acid-secreting intercalated
cells.
HCN channels are half-maximally activated (V0.5) in the
voltage range from –60 to –100 mV;45 however, V0.5 can be
displaced toward depolarizing values depending on the cell
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Figure 5 | Effect of chronic acidosis on subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective
(HCN2) expression. (a) Polyacrylamide gel showing HCN2 amplification from renal cortex total RNA in the presence (þ ) or absence () of
reverse transcriptase by using real-time PCR probes after 32 cycles of amplification. The reverse transcription-PCR yielded the expected size
product of 90 bp for HCN2. No genomic DNA amplification was observed. (b) The relative mRNA expression of HCN2 in control (white bars)
and acid-loaded (black bars) rats is shown in the cortex and medulla (n¼ 5). *Po0.05 versus the control group. (c) Representative
immunoblots of HCN2 in plasma membranes from the renal cortex and medulla of rats adapted to chronic acidosis. No changes in HCN2
expression were observed. Protein (100 mg) was loaded on each lane. Values are mean±s.e.; n¼ 10 in each dietary group. Ac, acidosis;
Ctr, control; OD, optical density.
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Figure 6 | Subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective (HCN2) channels transport
ammonium (NH4
þ ). (a) Currents were activated from a holding potential of 35 mV for 2 s; voltage was clamped at 120 mV for 3 s,
followed by a þ 10 mV step for 2 s.41 (b) Results are presented as mean±s.e. Statistical analysis was performed using Student’s two-sample
paired t-tests. Differences were considered significant at Po0.01 (*); n¼ 4.
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environment. Acid-secreting intercalated cells in the rat
connecting tubule and cortical collecting duct are charac-
terized by a low membrane potential (–36 mV).46 Therefore,
HCN2 channels to be activated must be modulated by
extra- and/or intracellular factors. In fact, HCN2 voltage
activation is profoundly shifted to more positive potentials by
cyclic AMP,45 endogenous phosphatidylinositol 4,5-biphos-
phate,47,48 and by activation of P38 mitogen-activated protein
kinase.49 In addition, bicarbonate has also a stimulatory effect
on the generation of cyclic AMP by a soluble adenylyl cyclase
in acid-secreting intercalated cells.50 Furthermore, currents
carried by HCN2 show strong Cl dependence.51
Our inability to detect a significant effect of ZD7288 on
the acidification rate in acid-secreting intercalated cells in
OMCDs isolated from acidotic rats was unexpected. Similar
to native HCN, HCN2 is modulated by cytosolic pH and is
not sensitive to changes in external pH. Intracellular
acidification induces a downregulation of the current by
shifting the activation curve to the left and also slows down
the speed of activation. In contrast, alkalinization enhances
the current by shifting the activation curve to more
depolarized voltages and, in addition, accelerates opening
kinetics.52 As the resting pHi in acid-secreting intercalated
cells (namely, B7.2) is unaltered during CMA, presumably
because of adaptation of the efficient Hþ extrusion pathways
and intracellular buffering,53 one cannot attribute the loss of
inhibitor sensitivity to a CMA-induced change in pHi.
Clearly, further studies will be necessary to unravel the role of
HCN2 in CMA.
OMCDs isolated from acid-loaded rats showed a twofold
higher rate of acidification in acid-secreting intercalated
cells and in principal cells than was detected under control
conditions. These results suggest that the increased rate
of acidification in microperfused tubules from animals
subjected to CMA may be due to enhanced apical and/or
basolateral expression of other NH3 transport pathways,
including the NH3 transporter family member Rhcg in
principal cells and in acid-secreting intercalated cells.54
Although one may argue that the most precise evidence
supporting a physiological role of HCN2 in the renal regu-
lation of acid–base homeostasis would be to study mice with
targeted deletion of HCN2 in acid-secreting intercalated cells,
adaptation of the animals to the loss of the gene product by
upregulation of alternate pathways for NH4
þ excretion may
impact expression of a phenotype. Therefore, future studies
should be directed to generating conditional knockouts of
HCN2 in the unique cell populations comprising the
collecting duct.
There has been extensive investigation focused on
identifying the specific transport proteins in acid-secreting
intercalated cells responsible for basolateral NH4
þ uptake, a
necessary step in urinary acidification. The Na/K/2Cl
cotransporter NKCC1 is expressed in the basolateral
membrane of acid-secreting intercalated cells in the OMCD
and inner medullary collecting duct.55 However, NKCC1 does
not seem to participate in NH4
þ transport in acid-secreting
intercalated cells.56 NH4
þ uptake by Na–K–ATPase is an
important determinant of pHi and net acid secretion but
only in the rat terminal inner medullary collecting duct.57
Importantly, Rhcg found in principal cells and in acid-
secreting intercalated cells appears to account partially for
basal NH3 excretion and to contribute to increased NH3
excretion with CMA.26,58
In summary, our findings demonstrate that basolateral
HCN2 is a pathway for NH4
þ uptake in acid-secreting inter-
calated cells under basal conditions, suggesting its partici-
pation in NH4
þ transepithelial transport and, in turn,
in urinary NH4
þ excretion in the distal nephron of the
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Figure 7 | (Ammonium) NH4
þ uptake by subtype 2 of hyperpolarization-activated cyclic nucleotide-gated cationic non-selective
(HCN2) channels in microperfused rat outer medullary collecting ducts (OMCDs). (a) Effect of the HCN2 inhibitor ZD7288 (10 mM) on the
response of OMCD principal (PC) and acid-secreting intercalated (IC) cells to an NH4Cl pulse. OMCDs were loaded with 15mM of the
acetoxymethyl ester of 2070-bis(-2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF) (Supplementary Material online). The fluorescence
ratio intensities (FIRs; 490/440 nm) were measured over time in individually identified cells in untreated and inhibitor-treated OMCDs.
The mechanisms accounting for the three phases of the response (initial alkalinization, slow acidification, and then rapid acidification) are
discussed in Supplementary Material online. The slopes of the slow acidification (measured over the initial 60 s and normalized to 1000 s)
were calculated by exponential curve fitting of the fall in FIR from the peak value. (b) Sensitivity of basolateral NH4
þ uptake into OMCD
intercalated and principal cells to 10mM ZD7288, an inhibitor of HCN2. In microperfused control rat OMCDs, ZD7288 led to a statistically
significant reduction in the slope of acidification (over the first minute; presumably reflecting NH4
þ entry across the basolateral membrane;
*Po0.05) in acid-secreting intercalated but not principal cells. In OMCDs isolated from rats adapted to chronic acidosis, ZD7288 did not
produce a significant effect.
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mammalian kidney. Future experiments must be performed
to elucidate the role of HCN2 in CMA in the distal nephron.
MATERIALS AND METHODS
Care and handling of animals
See Supplementary Material online.
RNA purification and reverse transcription-PCR
Total RNA was isolated as described by Carrisoza-Gayta´n.44 Comple-
mentary DNA was synthesized from 5mg of cortex RNA using the
random primer p(dN)6 (Roche Diagnostics, Rotkreuz, Switzerland) and
reverse transcribed with MLV reverse trancriptase (Invitrogen) accor-
ding to the manufacturer’s instructions. A set of primers were
designed, derived from the exon sequences of rat HCN2 (NM_
053684). Exons 2–4 were amplified with degenerate primers 50-TGCTG
CAGCCKGGSGTCAACAARTTCTCCCT-30 (sense) and 50-CATGTAC
TGCTCCACYTGCTTGTACTTCTC-30 (antisense); exons 5 and 6 were
amplified with primers 50-TACAAGCAAGTGGAGCAG-30 (sense) and
50-CCCCAAAATAGGAGCCAT-30 (antisense). DNA fragments were
amplified, purified, and sequenced as reported by Carrisoza-Gayta´n.44
Real-time reverse transcription-PCR
Reverse transcription was carried out with 2.5mg of total RNA using
200 U of Moloney murine leukemia virus reverse transcriptase
(Invitrogen). The mRNA levels of HCN2 were quantified using the
ABI Prism 7300 Sequence Detection System (TaqMan, Applied
Biosystems, ABI, Foster City, CA). Primers and probes were ordered as
Rn01408575_gH (Assays-on-Demand, ABI). As an endogenous control,
we used eukaryotic 18S rRNA (predesigned assay reagent applied by ABI,
external run). The relative quantification of gene expression was
performed using the comparative Connecticut method.59
Western blot analysis
Membrane sample extraction was performed as previously described.44,60
Plasma membranes were obtained by centrifugation at 17,000 g for
20 min and microsomes at 150,000 g for 1 h at 4 1C. Immunoblots were
performed with a rabbit anti-HCN2 antibody from Alomone (Jerusalem,
Israel) (1:200) following procedures previously established.44,60 Mem-
brane samples (100mg) were electrophoretically separated in 10%
SDS-polyacrylamide gel electrophoresis and electroblotted to a nylon
membrane. Non-fat dry milk (5%) (Bio-Rad, Hercules, CA) in TBS-T
(20 mM Tris-HCl, 136 mM NaCl, 0.1% Tween 20, pH 7.6) was added for
1 h. Each blot was first incubated with an anti-HCN2 antibody at 4 1C
overnight and then with donkey anti-rabbit IgG coupled to horseradish
peroxidase (1:5000; Amersham Biosciences, Freiburg, Germany), the
secondary antibody, for 1 h. Immunoblots were detected using ECL plus
detection reagents (Amersham Biosciences).
Glycosidase assay
The procedure is described in Supplementary Material online.
Immunofluorescence assays
Procedures are described in detail in Supplementary Material online.
HCN2 expression and electrophysiological assays in Xenopus
laevis oocytes
Procedures are described in Supplementary Material online.61
NH4
þ uptake assay in microperfused rat OMCD
The methodology is described in detail in Supplementary Material
online.62–66
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